Abstract Drylands worldwide are experiencing rapid and extensive environmental change, concomitant with the encroachment of woody vegetation into grasslands. Woody encroachment leads to changes in both the structure and function of dryland ecosystems and has been shown to result in accelerated soil erosion and loss of soil nutrients. Covering 40% of the terrestrial land surface, dryland environments are of global importance, both as a habitat and a soil carbon store. Relationships between environmental change, soil erosion, and the carbon cycle are uncertain. There is a clear need to further our understanding of dryland vegetation change and impacts on carbon dynamics. Here two grass-to-woody ecotones that occur across large areas of the southwestern United States are investigated. This study takes a multidisciplinary approach, combining ecohydrological monitoring of structure and function and a dual-proxy biogeochemical tracing approach using the unique natural biochemical signatures of the vegetation. Results show that following woody encroachment, not only do these drylands lose significantly more soil and organic carbon via erosion but that this includes significant amounts of legacy organic carbon which would previously have been stable under grass cover. Results suggest that these dryland soils may not act as a stable organic carbon pool, following encroachment and that accelerated erosion of carbon, driven by vegetation change, has important implications for carbon dynamics.
Introduction
Drylands cover over 40% of the terrestrial land surface, constituting the largest biome on the planet [Schimel, 2010] and are home to 2.3 billion people [World Resources Institute, 2002] . Due to the combined pressures of climate change and demography, both the area and human population of drylands will continue to increase [Reynolds et al., 2007; Seager et al., 2007] . Over half of the current dryland population relies directly on the land, is classified as socioeconomically marginalized, and thus, is particularly vulnerable to environmental change [Zafar et al., 2005] . Many drylands globally, including large areas of the southwestern United States (southwestern U.S.), have recently experienced, or are currently undergoing, extensive environmental change, driven by the encroachment of woody vegetation into grasslands [King et al., 2012; Zafar et al., 2005] . In the U.S., lands undergoing encroachment are estimated to cover 330 × 10 6 ha [Eldridge et al., 2011; Knapp et al., landscapes [Barger et al., 2011; Hurtt et al., 2002; Jobbagy and Jackson, 2000] . However, woody encroachment in drylands alters ecosystem structure and function [Barger et al., 2011; Turnbull et al., 2008a] , potentially leading to degradation [Okin et al., 2009; D'Odorico et al., 2013] . The change in structure, following encroachment, is often characterized by a reduction in vegetation cover [Turnbull et al., 2010a] and increased heterogeneity in both soil and vegetation resources [Dickie and Parsons, 2012; Bhark and Small, 2003] . The "island of fertility" effect [Schlesinger et al., 1990] leads to the trapping and storage of resources under vegetated patches [Ridolfi et al., 2008] and loss of resources from bare areas exhibiting lower erosion thresholds [Pierson et al., 2010; Wainwright et al., 2011] . Vegetation patch dynamics are therefore a key control on overland flow , and together, the strong interactions between ecological and hydrological processes create a self-reinforcing heterogeneous structure [Schlesinger et al., 1990] .
Soil erosion is the most common global cause of soil degradation [Olderman, 1994] , leading to reduced soil fertility [Schlesinger et al., 1990] , sedimentation, and water quality issues in receiving surface waters [Mukundan et al., 2012] . Being concentrated in fine surface soil and of low density, SOC is preferentially removed by fluvial erosion [Lal, 2005] . Soil erosion alters soil-atmosphere C fluxes via three key mechanisms [Van Oost et al., 2007] including (1) replacement of eroded SOC by plant input, (2) deep burial limiting decomposition, and (3) enhanced decomposition due to the processes involved in detaching and transporting SOC. However, the balance between these mechanisms and the exact role played by soil erosion in the global C cycle are a major source of uncertainty [Jackson et al., 2002; Lal, 2005; Van Oost et al., 2007; Berhe and Kleber, 2013] . Further research is required to develop techniques that can aid in the identification and accounting for the source of eroded C [Nadeu et al., 2012] . Therefore, with the identified importance and uncertainty regarding C dynamics in dryland systems [Poulter et al., 2014; Barger et al., 2011] , it is crucial to quantify the impact of erosion processes that are accelerated by woody encroachment on SOC dynamics in these landscapes Breshears et al., 1999] .
Biogeochemical techniques have been developed which utilize the unique signatures of plants to differentiate between sources of SOC. Dryland grass species that use C 4 photosynthesis (Hatch-Slack pathway) have different natural abundant stable C isotope signatures (δ 13 C values) relative to that of the woody species (that use C 3 photosynthesis) encroaching into dryland grasslands in the southwestern U.S. [Mendez-Millan et al., 2013; Zech et al., 2009] . The δ 13 C values have previously been used to develop understanding of erosional processes [Nadeu et al., 2012] including their ability to differentiate between SOC derived from C 3 or C 4 sources in southwestern U.S. drylands [Puttock et al., 2012] . Additionally, the compound-specific signatures of long-chain n-alkanes (aliphatic hydrocarbons) from leaf waxes have been used to differentiate between inputs from woody or grassland species into soils [Eglinton et al., 1962; Jansen et al., 2006] . It has been shown that large amounts of n-alkanes with a hydrocarbon chain length of 31 (C 31 ) often indicate a grass source [Eckmeier and Wiesenberg, 2009] , while the shorter C 27 is commonly indicative of a woody source [Zech et al., 2009] . Therefore, the ratio between C 27 and C 31 offers a means by which to trace source and movement of SOC and associated sediment. Both techniques use natural products of plants growing in ecosystems and offer economic and practical advantages over techniques using applied synthetic tracers [Divine and McDonnell, 2005] .
Herein, we employ a dual-proxy approach, utilizing both the bulk δ 13 C values and n-alkane signatures of dryland plants, to infer the sources of organic C in soils and fluvially eroded sediments across two dryland ecotones where woody species encroach neighboring grasslands. Biogeochemical analysis is combined with the ecohydrological monitoring of vegetation and soil structure, in addition to hydrological function across the monitored ecotones, to quantify the spatial distribution of organic C and losses via fluvial erosion.
Study Sites
Four sites (grama grassland in basin site, creosote shrubland site, grama grassland at Los Piños site, and piñon-juniper woodland site) were used to monitor ecosystem structure and attendant hydrological function [Puttock et al., 2013] over grassland-to-shrubland and grassland-to-woodland ecotones (Figure 1 ). Sites were located in the Sevilleta National Wildlife Refuge (SNWR), New Mexico, USA (34°19 0 N, 106°42 0 W), which lies across the Rio Grande rift valley. At the SNWR (Figure 1 ), the study area is underlain by Quaternary, sedimentary geology of the Santa Fe Group [Rawling, 2004] . The study sites were located upon well drained, moderately permeable gravelly sandy loams. In the Rio Grande basin, the study sites (grama grassland in basin and creosote shrubland) were located over the transition between Turney Loam and Nickel-Caliza very gravelly sandy loam series. At the bordering Los Piños mountain sites (grama grassland at Los Piños and piñon-juniper woodland), the study sites were located on the Puertecito series, which is also a gravelly sandy loam [U.S. Department of Agriculture, Soil Survey, 2014] . Soils across the study sites were relatively shallow and in the basin underlain by an impermeable calcium carbonate "caliche" layer between 15 and 45 cm below the soil surface. The SNWR experiences a semiarid climate, in which the main limiting resource is water. The longterm mean annual precipitation (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) is 250 mm in the lower elevation basin sites and 365 mm in the mountain sites [Sevilleta LTER, 2014] [Buffington and Herbel, 1965; Peters et al., 2006; Van Auken, 2009] . Aerial photos provide evidence for the enlargement of woody clusters into grasslands [Gosz, 1992] , and biogeochemical studies suggest the previous presence of grasslands in areas now dominated by woody vegetation [Turnbull et al., 2008b; Puttock et al., 2012] .
Sites were chosen to represent "pristine" grama grassland (Bouteloua sp.) and creosote shrubland (Larrea tridentata) encroaching across the Rio Grande basin and piñon-juniper woodland (Pinus edulis-Juniperus monosperma) encroaching downslope in the Los Piños mountains. These vegetation changes are characteristic of those occurring across large extents of the semiarid basin and range landscape of the southwestern U.S. [Eldridge et al., 2011; Van Auken, 2009] . The criteria used in the selection of the sites were (a) each site must be characteristic of an end-member vegetation state over the two monitored ecotones; (b) sites must be of comparable area, dimensions, and slope to allow comparison between monitored rainfallrunoff relationships; (c) sites must be located on a planar interfluve slope; and (d) at the two ecotones, sites selected as being representative of end-member vegetation states must be as close as possible, thus minimizing variation in geology, soil characteristics, and meteorological variables.
Methods

Experimental Design
Selected study sites each encompassing an area of 300 m 2 (10 m wide and 30 m long) within an interfluve geomorphic position, with length being particularly important as 30 m, represented the typical hillslope length in these dissected landscapes and has been shown to have a significant influence on rainfall-runoff relationships and transmission losses [Parsons et al., 2006] . The gradient of the selected sites was 4% at the grama grassland in basin site, 3% at the creosote shrubland site, 7% at the grama grassland at Los Piños site, and 6% at the piñon-juniper woodland site. Sites were sampled for eroded sediment, soil, and vegetation. Each study site consisted of a bounded and instrumented runoff plot, chosen for their ability to quantify fluxes of water, sediment, and nutrients [Wainwright et al., 2000] . Rainfall-runoff event characteristics were monitored using a tipping-bucket rain gauge and an instrumented supercritical flume, both recording on a 1 min time interval. All eroded sediments from monitored runoff-generating events (between 8 and 11 per site collected during the 2010 and 2011 monsoon season) were collected for analysis [Puttock et al., 2013; Turnbull et al., 2010b] . Soil samples (0-5 cm depth) were collected at each site (N = 90) using a nested geostatistical sampling strategy, with the vegetation cover recorded for each sample [Turnbull et al., 2010a] . In 2010, representative vegetation (leaf) samples (N = 10) were collected using a randomized quadrat sampling strategy [Puttock et al., 2012] . The spatial coverage and pattern of vegetation cover at each site was classified using close range aerial photos [Puttock et al., 2013] . Images were compiled using Erdas Imagine 2011 then imported into Esri Arc View (v 9.3.1), manually digitized, and classified into three classes: bare ground, woody vegetation cover, and grass vegetation cover. The calculated percentage vegetation and bare ground cover at each site were as follows: grama grassland in basin site = 55% grass and 45% bare; creosote in basin site = 21% woody and 79% bare; grama grassland at Los Piños site = 61% grass and 39% bare; and piñon-juniper at Los Piños = 9% grass, 29% woody, and 62% bare [Puttock et al., 2013] .
Sample Analysis
Soil and vegetation samples were prepared for analysis by oven drying at 60°C to a constant weight after which soil was sieved (<2 mm) and ground to a fine powder. Soil samples were washed in 2 M HCL to remove carbonates. Samples were analyzed for total organic C and bulk δ 13 C using a Carlo Erba NA2000 analyzer (CE Instruments, Wigan, UK) interfaced to a SerCon 20-22 isotope ratio mass spectrometer (SerCon Ltd., Crewe, UK). Wheat flour (N = 1.91%, C = 41.81%, 15 N = 4.8‰, and 13 C = À26.4‰) calibrated against International Atomic Energy Agency N-1 by Iso-Analytical, Crewe, UK, was used as a reference standard [Puttock et al., 2012] . The analytical precision of the δ 13 C measurements was <0.1‰, and duplicates of all samples were run. The δ 13 C values were expressed relative to Vienna Peedee belemnite:
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The proportion of organic C in soil and eroded sediment derived from C 4 grass sources was estimated from the vegetation input values using a mass balance equation [Boutton et al., 1999] :
where δ s = sample δ 13 C (‰), δ 3 = C 3 woody vegetation δ 13 C (‰), and δ 4 = C 4 grass vegetation δ 13 C (‰).
To prepare samples for n-alkane analysis, total lipid extraction was undertaken, followed by lipid fractionation to extract the hydrocarbon fraction. The method was adopted from Van Bergen et al. [1998] and involved (i) soxhlet extraction of sample (1 g vegetation and 10 g soil) for 24 h using dichloromethane (DCM):acetone (v.v 9:1) high-performance liquid chromatography grade organic solvents plus the addition of 10 μL 1 μg/μL tetratriacontane (98% Acros Organics) internal standard (IS) solution, (ii) evaporation of solvent following extraction and resuspension in DCM:methanol (v.v 2:1), and (iii) fractionation of extracted lipids using flash column chromatography using silica gel (60 Å particle size) as the stationary phase and hexane as the eluent.
Analysis to determine n-alkane concentrations used an Agilent 7890A gas chromatograph with an Agilent 1909 J-413HP-5 phenylmethlysiloxane column (30 m × 320 μm × 0.25 μm). Initial oven temperature was 40°C with a 20°C/min increase to 130°C, followed by a 4°C/min increase to 300°C, then held at 300°C for 10 min. Due to the well-documented odd-over-even predominance of n-alkanes and even spacing on the chromatogram, long chain n-alkanes (C 27 -C 35 ) were identified by elution order relative to the IS and confirmed using a National Institute of Standards and Technology library. The concentration of n-alkanes in samples was calculated relative to the IS of known concentration. Interpretation of n-alkane results used the percentage distribution of C 31 and the ratio between the shorter chain C 27 (indicative of woody source [Zech et al., 2009] ) and longer chain C 31 (indicative of grass source [Eckmeier and Wiesenberg, 2009] ).
Statistical Analysis
To establish whether the observed variance between sites was significant, an independent two-tailed heteroscedastic t test was used. The test assumed unequal variance between samples. The strength of the relationships between discharge and event organic C losses at each site was tested via linear regression, while analysis of covariance (ANCOVA) was used to test for variance between the study sites once variation in discharge was accounted for. All statistical analyses were conducted using SPSS v16 (SPSS Inc., Chicago, IL, USA) at the 95% confidence level (p < 0.05).
Results
Biogeochemical Signatures of Vegetation Species
Analysis of key input vegetation species showed that grama grass had a different biogeochemical signature to that of the three woody species in the basin or montane sites (Table 1) . As piñon and juniper in the SNWR and southwestern U.S. commonly grow in mixed stands, [Wilcox et al., 2003a] and as the landscape scale form a common woody end-member community, an amalgamated piñon-juniper bulk δ 13 C value was also calculated. The bulk δ 13 C values of grama grass (δ 13 C = À14.7‰ ± 0.2) were enriched relative to woody species (creosote: δ 13 C = À25.9‰ ± 0.3; piñon-juniper: δ 13 C = À24.5‰ ± 0.8). The n-alkane signature of grama grass was dominated by C 31 and C 33 n-alkanes, while that of creosote and piñon woody species had a greater relative abundance of the shorter chain C 27 homologue, with consequently increased C 27 :C 31 ratios. À25.9 ± 0.3b 5.9 ± 1.48b 9.87 ± 2.17b Piñon (10) À24.9 ± 0.3c 21.3 ± 6.02c 1.43 ± 0.40c Juniper (10) À24.0 ± 0.1c 6.5 ± 0.93b 0.01 ± 0.09d a For each study site, values followed by the same letter are not significantly different, while values followed by a different letter are significantly different (p < 0.05).
b Bulk δ 13 C values (‰), mean percentage contribution of C 31 n-alkane, and ratio of C 27 :C 31 (N =10) of leaves randomly sampled in June 2010 from the dominant vegetation types in 300 m 2 sites representing the two predominant grass to shrub transitions at the SNWR. For all values, ± denotes standard error.
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Juniper had a notably different n-alkane signature to the other woody species, showing no significant difference (p > 0.05) in C 27 :C 31 with that of grass. However, as piñon and juniper both had a significantly enriched δ 13 C value (p < 0.05) and the application of the two biogeochemical analyses in combination permitted increased understanding of the sources of organic C in both soils and fluvially eroded sediments.
Change in SOC
Areally weighted values (Table 2) indicated that there were significant differences in the spatial distribution of SOC in the surface soil between grassland (grama grassland in basin and grama grassland at Los Piños) and woody sites (creosote shrubland and piñon-juniper woodland). The mountain soils at Los Piños contained more SOC (p < 0.05) than the basin soils regardless of vegetation cover, underlining the importance of understanding site-specific variations. However, over both ecotones, the mean bulk δ 13 C values of soil were elevated at the grama grassland sites relative to the woody sites (p < 0.05), indicating the dominance of C 4 grass-derived C (Table 3 ). There was no difference (p > 0.05) in soil bulk δ 13 C values under bare or vegetated areas in the grassland sites, which contrasted with the woody sites where the soil from bare areas had enriched δ 13 C values, and therefore a greater proportion of grass-derived C, compared to vegetated areas.
The n-alkane profiles of soils in the grama grassland sites in both the basin and Los Piños mountain sites were dominated by C 31 (approximately 60%), and there was no significant difference between bare versus vegetated areas (p > 0.05). At the creosote shrubland site, C 27 concentrations were greater (p < 0.05) in soils beneath creosote bushes (27%) than from bare soils (10%), while C 31 concentrations were less (p < 0.05) in soils beneath creosote bushes (10%) than from bare soils (19%), confirming a predominance of grass C in bare soil areas at woody sites. As a result of greater C 27 concentrations from woody C input, soils b Cover: B = bare, G = grass, C = creosote, and PJ = piñon-juniper. For each study site, values followed by the same letter are not significantly different, while values followed by a different letter are significantly different (p < 0.05). b Cover: B = bare, G = grass, C = creosote, and PJ = piñon-juniper. For each study site, values followed by the same letter are not significantly different, while values followed by a different letter are significantly different (p < 0.05).
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from both woody-dominated sites had higher C 27 :C 31 ratios and greater heterogeneity between woody and bare/grass areas, where ratio values were higher (p < 0.05) under woody cover. In summary, the combined bulk δ 13 C and n-alkane profiles of soils demonstrated that the grassland was the legacy ecotype in both locations and that grasslands had been encroached by woody vegetation (creosote in the basin or piñon-juniper at Los Piños).
Change in Eroded Sediment and Organic C
Across both monitored grass-woody ecotones, woody sites showed an accentuated hydrological response to rainfall (Table 4) exhibiting significantly greater rainfall-runoff coefficients (p < 0.05). Precipitation in these dryland environments is highly variable both spatially and temporally, yet there was no significant difference in rainfall received between the woody sites and their comparative grassland site (p > 0.05); woody sites also showed significantly greater event discharge (p < 0.05). The erosion and loss of sediment-associated organic C by water varied with rainfall-runoff event characteristics, with all sites showing significant positive linear relationships (p < 0.05) between event discharge and organic C losses (Figure 2 ; R 2 values for each site: grama grassland in basin = 0.98, creosote shrubland = 0.89, grama grassland at Los Piños = 0.85, and piñon-juniper = 0.67). However, ANCOVA analysis, using discharge as the covariate, showed there to be a significant variance in organic C losses between sites (p < 0.05, model fit R 2 = 0.79). Regression relationships showed steeper trendlines and higher maxima for the woody sites indicating an accentuated hydrological response relative to grassland sites (Figure 2 ). Additionally, eroded sediment at all sites showed a reduction in particle size (Table 4) as shown by the percentage contribution of the >2 mm fraction relative to surface samples ( Table 2 ), indicating that preferential entrainment and transport of fine material were occurring. Additionally, a higher 
Grama grassland in basin (9) 0.04 ± 0.02a 0.32 ± 0.19a 0.77 ± 0.35a 4.2 ± 0.8a 0.003 ± 0.00a Creosote shrubland (10) 0.11 ± 0.03b 1.31 ± 0.65b 3.44 ± 1.37b 9.6 ± 0.9b 0.112 ± 0.09b Grama grassland at Los Piños (11) 0.07 ± 0.02a 0.50 ± 0.19a 1.22 ± 0.61c 4.1 ± 0.7a 0.030 ± 0.02c Piñon-juniper woodland (8) 0.12 ± 0.03b 1.41 ± 0.41b 4.54 ± 1.52b 8.1 ± 1.0b 0.151 ± 0.051b a For each study site, values followed by the same letter are not significantly different, while values followed by a different letter are significantly different (p < 0.05).
b RC = runoff coefficient; Q = total mean discharge; ES = eroded sediment yield, >2 mm % = particle size greater than 2 mm; and OC = mean organic carbon yields, normalized per unit area. Results include standard error values, while results followed by the same letter are not statistically significant (p < 0.05). The numbers in brackets following study site name denote number of rainfall-runoff events from which mean values are derived. For all values, ± denotes standard error. Despite site-and species-specific differences in SOC characteristics, event flux data revealed only minor differences between creosote shrubland and piñon-juniper sites or between the two grama grassland sites (Table 4 ). Once woody encroachment had occurred, regardless of the woody species involved, the two ecotones responded in a similar manner in terms of water, sediment, and organic C losses. Sediment eroded from the grama grassland sites had greater bulk δ 13 C values (À19.9‰ ± 0.2 in basin and À18.4‰ ± 0.7 at Los Piños) and lower C 27 :C 31 ratios (0.35 ± 0.08 in basin and 0.35 ± 0.06 grama at Los Piños; Table 5 ) relative to the creosote shrubland (bulk δ 13 C = À22.8 ± 0.4 and C 27 :C 31 = 0.64 ± 0.09) and piñon-juniper woodland sites (bulk δ 13 C = À20.8‰ ± 0.6 and C 27 :C 31 = 0.59 ± 0.09). C 27 :C 31 ratios in sediments eroded from the creosote shrubland site were significantly lower (p < 0.05) than those in either creosote vegetation samples or surface soil samples taken from under creosote vegetation. In contrast, there was no significant difference (p > 0.05) between the C 27 :C 31 and C 29 :C 31 ratios in bare soil and eroded sediment. Thus, grass-sourced organic C dominated erosive losses from the grama grassland sites but also constituted a significant proportion of organic C eroded from woody sites comprising 28% at the creosote shrubland site and 38% at the piñon-juniper woodland site as indicated by δ 13 C values (Table 5 ) and accompanied by a reduction in C 27 :C 31 ratios (p < 0.05). The bulk δ 13 C values and n-alkane signatures of the eroded soils from the piñon-juniper woodland and creosote For each study site, values followed by the same letter are not significantly different, while values followed by a different letter are significantly different (p < 0.05).
b Mean bulk δ 13 C values (‰) ± SE, mean percentage contribution of C 31 , and ratio of C 27 :C 31 . The numbers in brackets following study site name denote number of rainfall-runoff events from which mean values are derived. For all values, ± denotes standard error.
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shrubland sites demonstrated the enhanced loss of legacy grassland (and therefore previously stable) SOC from sites undergoing woody encroachment.
Discussion
Change in Soil C Dynamics Over Vegetation Transitions
Focusing on two widely occurring dryland ecotones, our research showed that the transition from grassland to woody vegetation was accompanied by significant changes in the amount and spatial distribution of SOC. Furthermore, results showed that woody-dominated sites exhibited an accentuated hydrological response to rainfall leading to greater event organic C losses. Results agree with previous research in dryland environments that have found rainfall-runoff coefficients [Schlesinger et al., 2000] , event discharge, and erosion rates to be notably higher from woody compared to grassland environments [Parsons et al., 1996; Wainwright et al., 2000] . Previous monitoring [Turnbull et al., 2010a] over the grass-creosote shrubland ecotone in the basin at the SNWR found higher runoff coefficients on the creosote shrubland site (0.28) compared to the grama grassland site (0.15 for events monitored) and C losses by fluvial erosion to be 6 times higher from creosote-dominated sites . This study builds upon previous work at the SNWR, demonstrating that despite species and site-specific differences, the grass-piñon-juniper ecotone shows a comparable directional change in hydrological response and associated sediment and C losses. In a study into nutrient losses via fluvial erosion in a comparable dryland environment, Barger et al. [2006] highlighted the importance of particulate bound organic C fluxes concluding that >98% of the total C losses were from sediment sources, being highly correlated with the total sediment loss. Therefore, the observed organic C losses raises important questions over the stability of this important C store in such environments.
Overall, as has previously been found [Jackson et al., 2002] , the woody-dominated sites had slightly higher areally weighted SOC levels, but more notably a redistribution in spatial distribution [Throop and Archer, 2008] , with greater spatial heterogeneity with higher SOC concentrations under vegetation, compared with comparative bare (or degraded grass) soils (Table 2) . Thus, results support previous research finding that woody encroachment in drylands can result in a major change in ecosystem structure [Bai et al., 2009; Bird et al., 2002; Havstad et al., 2006; Schlesinger et al., 1990] , characterized by an increased heterogeneity of vegetation and SOC distribution [Puttock et al., 2013] . Reduction in vegetation cover following woody encroachment decreases vegetative protection of the soil [Ludwig et al., 2005] and increases connectivity [Mayor et al., 2008; Wainwright et al., 2011] , leading to accentuated water erosion fluxes [Parsons et al., 1996; Wilcox et al., 2003a] . Greater variation in SOC contents at the woody sites (Table 2) supports the theory that the alteration of hydrological functions associated with woody encroachment results in the occurrence of positive feedback mechanisms [Peters and Herrick, 2001] reinforcing the heterogeneous woody landscape structure into islands of fertility [Schlesinger et al., 1990] . The underlying mechanism is illustrated by event organic C yields showing that woody encroachment results in increased event losses of organic C via fluvial erosion [Barger et al., 2011; Brazier et al., 2013] . These changes may be irreversible and become more widespread unless such dryland landscapes are actively managed to prevent woody species encroachment into grasslands.
In addition to erosion by water addressed in this study, there is a need for further understanding of the role of wind erosion upon C dynamics in these landscapes. The aeolian redistribution of fine, easily erodible material is thought to be the other key geomorphic agent acting in these dryland environments [Ravi et al., 2010; Okin et al., 2009] . The increased percentage of bare ground at woody sites reported in this study may result in a greater susceptibility to wind erosion [Gillette and Monger, 2006] . However, no data exist to quantify the aeolian flux of C or compare directly with the fluvial fluxes presented herein.
As discussed, soil C and erosion are an area of the C budget over which there is major uncertainty [Lal, 2005] , and results presented show that fluvial erosion increases significantly following woody encroachment. Nonetheless, it is only one component of the ecosystem C cycle. Woody encroachment into drylands will also alter biomass [Fang et al., 2001; Asner et al., 2003] with an increase in aboveground biomass being reported for piñon-juniper woodland [Turner et al., 2005] but a decrease reported for creosote shrubland [Cross and Schlesinger, 1999] . Primary productivity may also change, with implications for the dynamic replacement or depletion of SOC in landscapes undergoing erosion [Berhe et al., 2007; Nadeu et al., 2012] . Previous research has shown no significant change in annual net primary following creosote shrub encroachment but an Journal of Geophysical Research: Biogeosciences 10.1002/2014JG002635 increase in piñon-juniper woodland [Turner et al., 2005; Muldavin et al., 2008] . Gaseous CO 2 fluxes show a large degree of interannual variability, being highly responsive to meteorological variables [Mielnick et al., 2005] but with Emmerich [2003] also showing a higher CO 2 flux from woody-dominated sites. Therefore, other components of the C cycle will also influence whether woody encroachment and concurrent change in ecosystem function result in a net source or sink of C.
Change in the Source of C Over Vegetation Transitions
Dual-proxy biogeochemical analysis illustrated that the spatial heterogeneity of SOC sources increased following woody encroachment. In grassland sites, the homogeneity of n-alkanes distribution was evident in the bare and vegetated soils which displayed no significant difference for natural abundant stable δ 13 C isotope signature and n-alkane profiles (p > 0.05). In contrast, the creosote shrubland site displayed a much greater degree of heterogeneity in n-alkane distributions most clearly represented by C 27 :C 31 ratio of the soil samples. In soil collected from under creosote vegetation, the ratio values were significantly higher (p < 0.05), illustrating a much greater input of woody vegetation, as would be expected from the current creosote vegetation cover. However, soils in bare areas showed a significantly greater amount of C 31 and significantly lower ratio values (p < 0.05). This result was of high importance, supporting the largely anecdotal evidence that shrub dominated the areas across the basin study area that is used to be dominated by grasses [Buffington and Herbel, 1965] . At the Los Piños sites, due to the similarities between grama grass and juniper n-alkane signatures, there was a degree of difficulty in determining between sources; based upon n-alkane signature, a problem was previously experienced when using n-alkane signatures alone [Marschner et al., 2008; Gocke et al., 2011] . However, the use of n-alkane signatures from piñon and combined with the δ 13 C values of both piñon and juniper demonstrated that the same trends transcend to the mountainous, grassland to piñon-juniper transition [Wilcox et al., 2003b] . Evidence of legacy grass-C in bare areas has been observed in other southwestern U.S. landscapes following woody encroachment [Boutton et al., 1999; Bai et al., 2012 ] . Results over both transitions provide quantitative evidence supporting the theory that, following woody encroachment in these dryland environments, new organic material is primarily concentrated in resource "islands" under vegetation patches [Schlesinger et al., 1990] .
The magnitude of event C losses was increased by accelerated fluvial erosion following woody encroachment, with biogeochemical analysis indicating that the sources of the eroded organic C were also more variable, with both n-alkane and stable δ 13 C isotopes demonstrating a notable grass-sourced contribution to eroded SOC. Results demonstrating the linkages between soil in bare interpatch areas and eroded sediment were noteworthy, signifying that most of the soil eroded from the creosote site during rainfall-runoff events originates from the bare interpatch areas. Bare areas are more susceptible to erosion [Reid et al., 1999; Ridolfi et al., 2008; Wainwright et al., 2011] , and thus, following the increase in bare ground following woody encroachment, these areas have the potential to become a significant source of organic C event losses from a previously stabilised (or buried) pool.
There is a requirement to extend the findings presented within this study to the landscape and catchment scales thus, addressing to what extent the eroded organic C is locally redistributed within the landscape or reaches connected river networks resulting in ecosystem loss [Okin et al., 2009] . The combined use of stable δ
13
C isotope signature and n-alkane signatures has been shown in this study to provide a technique to understand the source of s = organic C. Therefore, supported by previous research that has used these techniques to understand the source of sediment in rivers [Wu et al., 2007] , it is suggested that the biogeochemical tracing techniques used herein can be used for the investigation of the source and fate of eroded sediment and organic C at the landscape or catchment scale.
Conclusion
In this study we observed that woody encroachment in dryland ecosystems can create a heterogeneous vegetation structure and coincident variability in SOC resources. Combined with changes in hydrological function, changes in ecosystem structure may precipitate a potentially catastrophic shift to a much less stable ecosystem state [Turnbull et al., 2008a] with an increased vulnerability to fluvial erosion. Data from two woody landscapes in basin and montane ecotones, which may be analogous with large areas of the basin and range southwestern U.S., showed that not only more organic C was eroded per unit area than in pristine grasslands Journal of Geophysical Research: Biogeosciences 10.1002/2014JG002635 but that this included large quantities of previously stabilized organic C from legacy grasslands. While there remains a disagreement over the role of soil erosion in the C budget [Berhe et al., 2007; Lal, 2003] , it is acknowledged that erosion alters soil-atmosphere C fluxes [Van Oost et al., 2007] and can enhance soilatmosphere C fluxes in drylands [Emmerich, 2003] . There is a need for further landscape scale research, encompassing all components of the carbon budget in these dryland environments, and we suggest that the transition from grassland to woody environments should be actively managed to minimize losses by fluvial erosion.
